Core-type protein O glycosylation is initiated by polypeptide N-acetylgalactosamine (GalNAc) transferase (ppGalNAcT) activity and produces the covalent linkage of serine and threonine residues of proteins. More than a dozen ppGalNAcTs operate within multicellular organisms, and they differ with respect to expression patterns and substrate selectivity. These distinctive features imply that each ppGalNAcT may differentially modulate regulatory processes in animal development, physiology, and perhaps disease. We found that ppGal NAcT-1 plays key roles in cell and glycoprotein selective functions that modulate the hematopoietic system. Loss of ppGalNAcT-1 activity in the mouse results in a bleeding disorder which tracks with reduced plasma levels of blood coagulation factors V, VII, VIII, IX, X, and XII. ppGalNAcT-1 further supports leukocyte trafficking and residency in normal homeostatic physiology as well as during inflammatory responses, in part by providing a scaffold for the synthesis of selectin ligands expressed by neutrophils and endothelial cells of peripheral lymph nodes. Animals lacking ppGalNAcT-1 are also markedly impaired in immunoglobulin G production, coincident with increased germinal center B-cell apoptosis and reduced levels of plasma B cells. These findings reveal that the initiation of protein O glycosylation by ppGal NAcT-1 provides a distinctive repertoire of advantageous functions that support vascular responses and humoral immunity.
A large fraction of cellular protein O glycosylation is directed to producing a series of core-type O-glycan structures that begin with the covalent linkage of N-acetylgalactosamine (GalNAc) to serine and threonine residues of proteins in the secretory pathway (10, 35, 38, 58, 61) . This initial enzymatic step by a polypeptide GalNAc transferase (ppGalNAcT) is followed in the Golgi apparatus by the regulated attachment of other saccharide linkages to this GalNAc residue by other glycosyltransferases, contributing to the changing O-glycan repertoire of a given cell (8, 45) . Full disclosure of ppGalNAcT structure and expression was made possible by biochemical purification of the enzymatic activity, followed by acquisition of the amino acid sequence (17, 24) . Unexpectedly, multiple cDNAs encoding apparent ppGalNAcT isozymes were discovered, while genetic disruption of ppGalNAcT in the mouse failed to ablate O-glycan formation in vivo (19, 22, 34, 48, 53, 63, 68) . A large family of ppGalNAcTs is now evident among multicellular organisms analyzed thus far, with mammals expressing at least 15 ppGalNAcT isozymes encoded by different genes (9, 55) .
The prototypic ppGalNAcT family member is ppGal NAcT-1, which is expressed at high levels and is found broadly among most tissues and cell types (17, 24, 30, 66) . ppGal NAcT-1 exhibits a selective preference for some polypeptide sequences (7, 16, 60) , further suggesting that a key function is likely provided by its activity among cells of intact organisms. The ppGalNAcT family of glycosyltransferases initiates coretype O-glycan formation, primarily consisting of core 1, core 2, core 3, and core 4 O-glycan subtypes that may be elaborated further by glycan linkages, contributing to selectin ligand-dependent control of leukocyte trafficking, regulation of CD8 ϩ T-cell apoptosis, and sensitivity to colitis and preventing the onset of Tn syndrome (11, 27, 42, 59, 65) . Other endogenous functions have been established among invertebrate model organisms bearing diminished levels of various core-type Oglycans (1, 46, 54, 56) .
Comparative analysis of ppGalNAcT members further indicates that not all are created equal. Besides considerable differences in tissue and cell type expression patterns, substrate specificities among polypeptides of ppGalNAcT isozymes are also significantly varied (30, 36, 40, 66) . Preferences for dissimilar polypeptide sequences have been observed along with the existence of a hierarchical process in protein O glycosylation that reflects the influence of adjacent core-type O-glycan linkages in substrate recognition by some ppGalNAcTs (5, 20, 28, 53) . These findings together indicate that functional redundancy among ppGalNAcTs is likely limited and that each may provide key physiologic roles in vertebrates, reflecting the significant level of orthologous ppGalNAcT gene sequence conservation throughout speciation. Thus far, however, mammalian models of ppGalNAcT deficiency, including ppGalNAcT-4, -5, and -13 deficiencies, lack obvious physiologic manifestations linked with decreased O-glycan formation and indicative of vital endogenous roles (22, 55, 68) . Further investigations are warranted, however, and mutations in the human GALNT3 gene, encoding ppGalNAcT-3, have been described for familial tumoral calcinosis, likely reflecting reduced protein O glycosylation (4, 26, 29, 57) . Discovering biologically relevant roles of ppGalNAcTs by using intact model organisms should ultimately reveal why natural selection has maintained this family of glycosyltransferases during the evolution of multicellular organisms.
In order to detect physiologic activities linked to ppGal NAcT-1 in a mammalian model system, we generated and characterized intact mice lacking ppGalNAcT-1. We found that although ppGalNAcT-1 deficiency is generally tolerated and does not cause infertility, substantial defects occur in the formation of selectin ligands, resulting in altered innate and adaptive immune cell trafficking. In addition, ppGalNAcT-1 supports O-glycoprotein expression among a subset of blood coagulation factors, such that its deficiency results in a moderate to severe bleeding disorder. A key role of ppGalNAcT-1 in promoting adaptive immunity is also evident by an increase in germinal center (GC) B-cell apoptosis, leading to reduced plasma B-cell numbers and a substantial reduction in immunoglobulin G (IgG) antibody isotype abundance. These phenotypic and mechanistic findings indicate that distinctive physiologic activities are controlled by ppGalNAcT-1 in comparison with other similarly studied glycosyltransferase deficiency states and establish evidence of advantageous biologic purpose linked to the maintenance of ppGalNAcT-1 within the mammalian genome.
MATERIALS AND METHODS
ppGalNAcT-1 gene mutagenesis. Isolation of mouse ppGalNAcT-1 genomic DNA and construction of a targeting vector bearing Cre/loxP recombinant signals were accomplished using a human cDNA probe according to previously described procedures (41) . Mice bearing the loxP-flanked exon 3 were bred with Zp3-Cre transgenic mates, as described previously (47) . Genotyping was performed using Southern blotting and PCR according to previously published procedures (41) . The wild-type ppGalNAcT-1 allele was detected as a 300-bp fragment by using primers P1 (5Ј-TCATCACAGTGTCTACCATGGCTG GAG) and P3 (5Ј-GATCTGATGACCTGTTGTGGACACCTG), while the targeted F[tkneo] allele was detected using P1 and P2 (5Ј-TTCCAGGACAGCCA GGGCTACACAGAG), yielding a 550-bp fragment.
ppGalNAcT enzyme activity. Tissues were extracted and analyzed as described previously (18) . Enzyme assays for ppGalNAcT-1 activity were performed at 37°C for 1 to 2 h, using the peptide acceptor PRFQDSSSKAPPPLPSPSRLPG in a final volume of 25 l containing 50 M UDP-GalNAc (77,000 cpm 14 C), 5 mM AMP, 10 mM MnCl 2 , 40 mM cacodylate, pH 6.5, 40 mM ␤-mercaptoethanol, and 0.1% Triton X-100. Products were characterized by anion-exchange chromatography and evaluated by reverse-phase high-performance liquid chromatography.
Subcloning and expression of ppGalNAcT-1 cDNAs. Isolation of cDNAs from wild-type and ppGalNAcT-1 exon 3 deletion mice was achieved by reverse transcription-PCR amplification, using mouse kidney total RNA reverse transcribed with a first-strand cDNA synthesis kit (Clontech). The luminal region of ppGalNAcT-1 was amplified using the PCR primers Mlu-mT1 (5ЈCACACGCG TTGCCTGCTGGTGACGTTCTAGAGCTAGT) and Bam-mT1 (5ЈATGCGG ATCCAGCCCAGTCAATCCTTCCTT) to incorporate an MluI cloning site into the stem region of mouse ppGalNAcT-1. This MluI-BamHI cDNA fragment was cloned into the MluI-BamHI sites of the mammalian expression vehicle pIMKF3. Three independent ppGalNAcT-I cDNA clones bearing wild-type and deletion alleles were isolated and characterized. The DNA sequence was acquired for all clones. Expression of the recombinant enzymes was achieved by transient transfection of COS7 cells, using Lipofectamine (Life Technologies). All six constructs were transfected in duplicate. Enzyme assays for ppGalNAcT activity were performed at 37°C under standard assay conditions, with a final reaction volume of 25 l containing 500 M EA2 peptide (PTTDSTTPAPTTK), 50 M UDP-GalNAc (20,000 cpm 14 C), 10 mM MnCl 2 , 40 mM cacodylate, pH 6.5, 40 mM ␤-mercaptoethanol, and 0.1% Triton X-100.
Bleeding time. Mice were anesthetized by a mixture of 3% isoflurane with oxygen in an induction chamber and then maintained with a nose cone in a warm brass cone restraint. Tails of horizontally restrained mice were transected 2 mm from the tip with a new razor blade and then immersed vertically ϳ2 cm below the surface of 37°C saline. The time until bleeding stopped for at least 10 seconds was recorded. If the bleeding continued at 10 min, the tail was withdrawn from saline and the tip cauterized to stop bleeding.
Hematology. Mice were anesthetized by a mixture of 3% isoflurane with oxygen in an induction chamber and maintained with a nose cone outside the induction chamber. Tails of mice were transected 2 mm from the tip with a new razor blade. One hundred microliters of blood was allowed to drip into EDTAcontaining polypropylene microtubes (Becton Dickinson, NJ). Blood in tubes was immediately mixed well to ensure proper anticoagulation and kept at room temperature until analysis (within 4 hours). Blood cell counts with leukocyte differential and platelet counts were performed in duplicate on a Hemavet 850FS multispecies hematology system (Drew Scientific, CT) programmed with mouse hematology settings. A whole blood smear was prepared from each sample and Wright stained for manual viewing.
Serum chemistry. Blood was collected from anesthetized mice as described for hematology, but without EDTA. Blood was allowed to clot for 3 to 5 h at room temperature and centrifuged in a serum separator tube for 5 min at 7,000 ϫ g. Serum was removed and analyzed with a Beckman CX-7 automated chemistry analyzer.
Coagulation. Up to 1 ml of blood was quickly withdrawn from the heart of a mouse anesthetized as described for hematology, using a 1-ml plastic syringe with a 25-gauge needle containing 30 l buffered citrate (0.06 ml/liter sodium citrate plus 0.04 ml/liter citric acid). Blood was added to a plastic tube containing sufficient additional citrate to achieve a final ratio of 9 parts whole blood to 1 part citrate. Blood was immediately mixed well and centrifuged twice at 2,000 relative centrifugal force for 15 min to obtain citrated platelet-poor plasma. Plasma samples were aliquoted and frozen at Ϫ80°C until being processed for coagulation analysis. von Willebrand factor (VWF) analysis was performed as described previously (12) . Factor VIII and other factors were analyzed as described elsewhere (62) .
Flow cytometry. Single-cell suspensions from the spleen, thymus, lymph nodes, and bone marrow were prepared, and red blood cells were removed by ammonium chloride lysis. Antibodies to CD3 (2C11), CD8 (53-6.7), CD40 (HM40-3), CD62L (MEL-14), B7.2 (GL1), and Gr1 (RB6-8C5) were purchased from eBioscience. Antibodies to CD4 (RM4-5), CD11a (2D7), CD11b (M1/70), CD18 (C71/16), CD19 (1D3), CD24 (M1/69), CD44 (IM7), CD45R/B220 (RA3-6B2), activated caspase-3, Fas/CD95, GL7, IgM (R6-60.2), IgG1 (A85-1), IgG2a/2b (R2-40), IgG3 (R40-82), I-A b (AF6-120.1), and P-selectin glycoprotein ligand 1 (PSGL-1) (2PH1) were acquired from Pharmingen. Cells were incubated in the presence of various antibodies (above) in fluorescence-activated cell sorter buffer (2% fetal calf serum [FCS] in phosphate-buffered saline [PBS]) for 20 min at 4°C. For E-or P-selectin binding, cells were treated with 0.5 g/ml of Fc block (anti-CD32/16; Pharmingen) and then incubated with anti-Gr1 antibody as described previously, with and without the addition of 5 mM EDTA for 30 min (33) . Cells were washed and incubated with a goat anti-human fluorescein isothiocyanate (FITC)-conjugated secondary antibody (Sigma). Peanut agglutinin (PNA) lectin (Vector) binding was accomplished as previously described (59) . Activated caspase-3 analysis by cytometry was done by permeabilizing cells using BD Cytofix/Cytoperm solution for 20 min at 4°C, followed by washing cells twice with PermWash solution (Pharmingen). Data were analyzed on a FACSCalibur flow cytometer using Cellquest software (Becton Dickinson).
Histology. Frozen sections of lymph nodes or spleen were cut at 5 m, air dried, fixed in acetone, and incubated with biotinylated anti-CD4, biotinylated anti-CD8, anti-CD45R/B220, anti-GL7, anti-activated caspase-3, anti-FDC-M1 (Pharmingen), anti-CD68 (Serotec), and PNA. After being washing, sections were incubated with streptavidin-FITC and goat anti-rat rhodamine-conjugated secondary antibody. For L-selectin binding, sections were incubated with an L-selectin-IgG chimera and with MECA-79 antibody and then incubated with 8784 TENNO ET AL. MOL. CELL. BIOL.
goat anti-human IgG FITC-conjugated secondary antibody and goat anti-rat rhodamine-conjugated secondary antibody. DNA fragmentation was measured by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay (Promega) according to the manufacturer's instructions. The mean fluorescence was analyzed using a MetaMorph system (Universal Imaging Corporation). Lymphocyte trafficking. Homing assays were carried out with 2.5 ϫ 10 7 cells isolated and incubated with the CellTracker probe CMFDA (Molecular Bioprobes) prior to injection into the tail vein as previously described (33) . Lymphoid organs were harvested 1 h or 24 h after injection, and T and B lymphocytes positive for CMFDA were measured by flow cytometry.
Perfused microflow chamber. We used microflow chambers as previously described (67) . Briefly, microflow chambers were constructed from 20-by 200-m rectangular glass capillaries with a length of 30 mm (VitroCom, Mountain Lake, NJ). The capillary was placed between two microscope coverslips, and the ends were attached to heparinized polyethylene PE 50 tubing (inner diameter, 0.58 mm; outer diameter, 0.965 mm) (Becton Dickinson, Sparks, MD). The capillaries were coated with P-selectin (20 g/ml) or E-selectin (30 g/ml) for 2 h and blocked for 1 h using 10% casein (Pierce Chemicals, Dallas, TX). The chamber was connected at one side to PE 10 tubing and inserted into the carotid artery, and a PE 50 tube on the other side was used to control the wall shear stress (5.94 dynes/cm 2 ). Microscopy was conducted using a Zeiss Axioskop microscope (Carl Zeiss, Inc., Thornwood, NY) with a saline immersion objective (SW 20/0.5). Images were recorded with a 3CCD color video camera (model DXC-390; Sony Corporation, Japan) connected to a Panasonic S-VHS recorder. The chamber was perfused with blood for 6 min before one representative field of view was recorded for 1 min.
B-cell activation and antibody production. B lymphocytes were purified from splenocytes by using a Dynal MPC magnet system (Dynal Biotech). Mice were bled to obtain preimmune sera and subsequently immunized by intraperitoneal injection of 100 g of dinitrophenyl (DNP)-keyhole limpet hemocyanin (KLH) (Calbiochem) in Freund's complete adjuvant or 10 g of DNP-Ficoll (Biosearch) in PBS. Serum was collected at the indicated times, and anti-DNP titers were determined by enzyme-linked immunosorbent assay, using plates coated with 20 g of DNP-bovine serum albumin and blocked with 10% FCS in PBS. Mice receiving the DNP-KLH antigen were boosted at the indicated times with the same amount of antigen in Freund's incomplete adjuvant. Sera were diluted to various concentrations and analyzed using anti-mouse isotypespecific antibodies conjugated to alkaline phosphatase (IgM and IgA [Sigma] or IgG1, IgG2a, IgG2b, and IgG3 [Pharmingen]). Optical densities at 405 nm (OD 405 ) were obtained using a microplate reader (Molecular Devices). Results shown in Fig. 7 comprise the indicated serum dilutions in the linear range for the OD 405 values obtained.
Peritonitis. Mice were administered 1 ml of 0.2% casein in PBS by intraperitoneal injection. At the indicated times, animals were sacrificed and their peritoneal cavities were subjected to lavage with 10 ml of ice-cold PBS containing 1% bovine serum albumin and 0.5 mM EDTA. Red blood cells were removed by ammonium chloride lysis. Peritoneal cell exudates were incubated with anti-Gr-1 antibody and the pan-macrophage marker antibody F4/80 and analyzed by flow cytometry.
Statistical analysis. Data were plotted as means Ϯ standard errors of the means, and Student's t test was used to calculate P values, unless otherwise indicated.
RESULTS

Germ line mutagenesis of polypeptide GalNAcT-1 disrupts O-glycosylation activity.
A genomic DNA clone encompassing exon 3 of the mouse gene encoding ppGalNAcT-1 was isolated, characterized by sequence analysis, and used in constructing a gene-targeting vector for conditional mutagenesis ( (Fig. 1C) . Following Cre transfection, ES cell subclones bearing the expected type 1 and type 2 alleles were isolated. Mice bearing loxPflanked exon 3 in the germ line (ppGalNAcT-1 F ) were generated from ES cell clone 3-3 and were bred with Zp3-Cre transgenic mates (47) to produce offspring bearing the ppGalNAcT-1 ⌬ allele (Fig. 1D ). The ppGalNAcT-1 ⌬ allele was then crossed into the C57BL/6NHsd inbred mouse background for at least six generations prior to phenotypic analysis. A minor but consistent reduction in the frequency of pups homozygous for the ppGalNAcT-1 ⌬ allele was observed; however, those born developed to adulthood without overt physiologic abnormalities comparable to wild-type (wt/ wt) and heterozygous (wt/⌬) littermates.
ppGalNAcT-1 enzymatic activity in extracts of multiple tissues of wt/wt and ⌬/⌬ mice at 8 weeks of age was measured using a peptide substrate that is O glycosylated preferentially by ppGalNAcT-1. Enzymatic activity was detected among multiple tissues from wild-type animals. In contrast, mice homozygous for the ppGalNAcT-1 ⌬ allele lacked detectable ppGal NAcT-1 activity among all tissues surveyed, with the exception of the brain (Fig. 1E ). The remaining enzyme activity in brain samples may reflect the expression of a closely related ppGal NAcT isozyme (22, 68) . Deletion of exon 3 results in premature translational termination (Fig. 1F) . Further confirmation that exon 3 deletion abolishes ppGalNAcT-1 enzyme activity was obtained upon expression of cDNA clones derived from mice bearing the wt/wt or ⌬/⌬ genotype. Significant enzymatic activity towards the peptide substrate in COS7 cell extracts was observed upon high-level expression of wild-type ppGal NAcT-1 cDNA, while significant activity was not detected upon similar RNA expression of a truncated ppGalNAcT-1 cDNA structure isolated from mice bearing the ⌬/⌬ genotype ( Fig. 1G and data not shown). These findings reveal that deletion of ppGalNAcT-1 exon 3 results in an enzymatic null mutation.
Altered hemostasis and increased bleeding in ppGalNAcT-1-deficient mice. During routine tissue biopsies and surgical manipulations of ppGalNAcT-1-deficient mice, there was a significant increase in bleeding and hemorrhaging. We measured a threefold increase in bleeding time among mice lacking ppGalNAcT-1 (Table 1) . Moreover, while the prothrombin time was normal, the activated partial thromboplastin time (APTT) was slightly prolonged by ppGalNAcT-1 deficiency. This suggested that ppGalNAcT-1 deficiency might alter coagulation factor levels or other hemostatic components of the blood, such as VWF and platelets. Coagulation factor activity levels in ppGalNAcT-1-deficient mice were indeed altered, with a slight to moderate decrease in most coagulation factors, including those that contribute to bleeding time and APTT measurements, such as factors V, VII, VIII, IX, X, and XII. In ppGalNAcT-1 deficiency, the VWF antigen level increased approximately 50%. The VWF produced by ppGalNAcT-1-deficient mice had a normal capacity to bind factor VIII but a slightly reduced (by 10%) capacity to bind collagen (data not shown). However, there was no apparent difference in PNA VOL. 27, 2007 O GLYCOSYLATION IN VASCULAR AND IMMUNE BIOLOGY 8785 binding to VWF. Platelet counts ( Fig. 2A) and platelet aggregation in response to various stimuli, including arachidonic acid, collagen, ADP, thromboxane analog, and calcium ionophore, were similar in both wild-type and null mice (data not shown). Whether these changes reflect a decreased rate of production or a decrease in half-life remains to be established. ppGalNAcT-1 function in leukocyte homeostasis and O glycosylation. We carried out further initial phenotypic screening, including assessments of organ function by analysis of serum chemistry. While those measurements were within the normal range among ppGalNAcT-1-deficient mice (see Table S1 in the supplemental material; data not shown), alterations among white blood cell populations were detected ( Fig. 2A) . The number of lymphocytes in circulation was slightly increased, while eosinophils and basophils were substantially reduced. No change was seen in the circulating levels of Gr1 ϩ neutrophils. Similarly, platelet and red blood cell counts and the hemoglobin level were unaffected. The mean platelet volume, as well as red blood cell morphology and hemoglobin content, was also normal (data not shown).
O glycosylation initiated by ppGalNAcTs can be detected in part by the PNA lectin, which binds to the unsialylated core 1 O-glycan (44) . Cytometric measurements of PNA binding at the cell surfaces of intact viable leukocytes revealed a significant decrease in O glycosylation among Gr1 ϩ neutrophils and B220 ϩ B cells, while no significant diminution occurred on the surfaces of CD3 ϩ T cells (Fig. 2B ). These findings indicate that a loss of protein O glycosylation, as detected by PNA binding, occurs among some but not all leukocyte cell types. ppGalNAcT-1 contributes to E-and P-selectin ligand formation and neutrophil recruitment during inflammation. Circulating Gr-1 ϩ neutrophils were further analyzed for the levels of E-and P-selectin ligands at the cell surface by flow cytometry. Remarkably, the relative reduction in neutrophil cell surface O-glycans judged by PNA lectin binding was accompanied by a fourfold decrease in E-selectin ligand expression and a fivefold reduction in P-selectin ligand levels (Fig. 3A) . No changes occurred in the expression of other cell surface molecules involved in cell adhesion, including CD11, CD18, and L-selectin as well as the selectin counterreceptors CD24 and PSGL-1 (Fig. 3B) .
To investigate the effect of reduced selectin ligand expression on the adhesive properties of neutrophils, E-and P-selectin-mediated leukocyte rolling was measured using an autoperfused flow chamber (67) . The number of ppGalNAcT-1-deficient leukocytes rolling on P-selectin was reduced to approximately 50% of the normal level, whereas the number of cells rolling on E-selectin was reduced to approximately 30% of the normal level, at 5.94 dynes/cm 2 ( Fig. 3C ). The impact of this deficiency in E-and P-selectin ligands upon neutrophil recruitment to an inflammatory stimulus was explored in a model of acute peritonitis. A significant decrease in intraperitoneal neutrophil recruitment reflecting a three-to fivefold reduction in Gr-1 ϩ cell number resulted from the absence of ppGalNAcT-1 (Fig. 3D) . This finding is consistent with the observed reductions of E-and especially P-selectin ligand levels with diminished leukocyte rolling, indicating that protein O glycosylation contributed by ppGalNAcT-1 plays a significant role in the formation of selectin ligands that operate in the innate immune inflammatory response among activated endothelial cells.
Selectin ligand formation by ppGalNAcT-1 promotes lymphocyte homeostasis, L-selectin ligand formation, and trafficking to lymph nodes. Elevated levels of lymphocytes in the blood of ppGalNAcT-1-deficient mice reflected an increase in both T-and B-lymphocyte numbers (Fig. 4A) . Moreover, reduced total cellularity was detected among the lymph nodes, while no changes in cellularity occurred within the spleen, thymus, bone marrow, and Peyer's patch tissues (Fig. 4B) . Mesenteric, cervical, and axillary lymph nodes were reduced in total cellularity by an average of 60%, while the inguinal lymph node lost 90% of the normal cell number and, in some cases, was anatomically absent. Characterization of cell populations within the lymph nodes revealed deficiencies in both T and B lymphocytes, although B-lymphocyte numbers were most severely reduced, by 50 to 95% (Fig. 4C) . T-lymphocyte cellularity was also reduced, but not as markedly, with the exception of the inguinal lymph node tissue (Fig. 4D) .
Lymph node architecture, comprising cellular and molecular determinants, was examined among lymphocyte subpopulations and endothelial cells that express selectin ligands. A reduced anatomic size and reduced numbers of lymph node follicles were observed for ppGalNAcT-1 deficiency, with no apparent change in the follicular trafficking pattern of B and T cells (Fig. 5A) . Levels of L-selectin receptors on the surfaces of 
296 Ϯ 136*** a Results are expressed as means Ϯ SD (***, P Ͻ 0.001; **, P Ͻ 0.01; *, P Ͻ 0.05). The number of samples studied was 14 for wild-type mice and 10 for ppGal NAcT-1-deficient mice, except for bleeding time analysis. For that analysis, the number of mice studied was 39 for wild-type mice and 34 for ppGalNAcT-1-deficient mice.
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T and B cells from various compartments were analyzed and found to be normal (Fig. 5B) . In contrast, L-selectin ligands that are normally expressed on high endothelial venules (HEVs) were significantly reduced in the absence of ppGal NAcT-1 among mesenteric and inguinal lymph nodes (Fig.  5C ). The inguinal node was the most severely affected node compared with mesenteric lymph node tissue. Approximately 10% of normal L-selectin ligand expression remained among inguinal lymph nodes, while close to 60% of normal L-selectin ligand levels remained among mesenteric lymph nodes (Fig. 5D ). Interestingly, a significant decrease in MECA-79 antibody binding occurred only among inguinal HEVs, while normal MECA-79 levels were expressed among mesenteric lymph nodes. The degrees of L-selectin ligand deficiency among different lymphoid aggregates were proportional to the degrees of reduced lymphocyte cellularity observed, implicating reduced L-selectin ligand levels in lymph node HEVs as being responsible for reduced cellularity. Attempts to further investigate leukocyte adhesion by intravital microscopy were unsuccessful due to the extensive bleeding and hemorrhaging that occurred during surgery, as noted above. Nevertheless, the efficacy of lymphocyte homing could be measured. Isolated T and B cells from wild-type mice were covalently labeled using CMFDA and injected into the tail veins of syngeneic wild-type and ppGalNAcT-1-deficient littermate recipients. Levels of CMFDA-labeled lymphocytes among lymphoid aggregates were analyzed 1 h and 24 h following transfer. CMFDA-labeled B and T lymphocytes were detected in all lymphoid tissues surveyed within 1 h. However, a significant reduction in B-cell homing was observed among ppGalNAcT-1-deficient recipients, with the exception of Peyer's patch tissue (Fig. 6A) . At 24 h posttransplantation, the most severe B-cell homing deficit continued to involve the inguinal lymph nodes of recipients, followed in severity by homing to axillary, cervical, and mesenteric lymph nodes, with a normal homing frequency for Peyer's patch tissue (Fig. 6B) . Lesser but significant deficits in T-cell homing were also observed and occurred with a similar profile, with the most significant decrease in homing to the inguinal lymph nodes. These findings reveal that the reduced cellularity among lymph nodes is proportional to the severity of the lymphocyte homing defect and tracks with the degree of L-selectin ligand deficiency among the HEVs of ppGalNAcT-1-deficient recipients. ppGalNAcT-1 supports IgG production in the humoral immune response. Circulating levels of Ig isotypes IgG1, IgG2a, and IgG3 were significantly reduced in the sera of ppGal NAcT-1-deficient mice, while normal levels of IgM and IgA were detected (Fig. 7A) . It seemed unlikely that this effect was due to a reduction in L-selectin function, as such animals have been reported to express normal to elevated Ig levels and to exhibit a robust humoral immune response (2, 49) . We further noted that B-cell surface expression of major histocompatibility complex class II and costimulatory molecules CD40, CD44, and B7.2 was unaltered in the absence of ppGalNAcT-1 (Fig.  7B) . Moreover, B-cell proliferation responses to LPS or antibody-mediated IgM cross-linking were also unaffected (Fig.  7C) . In contrast, upon immunization with the T-cell-independent antigen DNP-Ficoll, ppGalNAcT-1-deficient mice failed to induce a significant IgG antibody titer in the presence of normal titer increases involving IgM and IgA isotypes (Fig.  7D) . Similarly, a deficit of anti-DNP IgG antibody production was detected following immunization with the T-cell-dependent antigen DNP-KLH (Fig. 7E) . ppGalNAcT-1 deficiency attenuates GC formation upon immunization. The development of B cells that can express IgG isotypes takes place within GCs of follicles within peripheral lymphoid tissues in response to antigenic exposure. The GC microenvironment is essential for Ig isotype class switching and affinity maturation in producing plasma B cells that provide the circulating repertoire of IgG antibodies. Following immunization of ppGalNAcT-1-deficient mice, we noted a threefold reduction in the numbers of detectable GCs within the white pulp of the spleen and lymph nodes compared with the numbers for wild-type littermates (Fig. 8A) . Localization of B and T cells and expression of FDCM1 ϩ dendritic cells appeared unaltered among follicles of ppGalNAcT-1-deficient mice (Fig.  8B) . Although GC B cells were detected with the antibody GL7 and decreased IgD expression resulted as expected (not shown), another marker of GC B cells, the PNA lectin (31), could not detect GC B cells in ppGalNAcT-1-deficient tissues (Fig. 8C) . This finding indicates that ppGalNAcT-1 is essential for synthesizing O-glycans among GC B cells that are typically detected by PNA binding. In addition, splenic B-cell levels as well as GL7
ϩ GC B-cell numbers were significantly decreased in ppGalNAcT-1 deficiency at 8 days postimmunization (Fig. 8D) . These results indicate that ppGalNAcT-1 deficiency significantly decreases O-glycans on GC B cells that normally bear PNA lectin binding determinants and further diminishes the number of GC B cells, with reduced GC formation.
Increased apoptosis of GC B cells in ppGalNAcT-1 deficiency. The reductions in frequency of GCs and total GC B cells in ppGalNAcT-1-deficient mice did not appear to be due to impaired B-cell proliferation. Either by ex vivo B-cell stimulation assays or by in situ analysis of GC expression of the nuclear proliferation marker Ki-67, B cells lacking ppGal NAcT-1 appeared unaltered in their responses to stimuli that lead to cell proliferation (Fig. 7C and data not shown) . However, a reduction in GC B cells was associated with an increased frequency of CD68 ϩ tingible-body macrophages. Cellular markers of apoptosis were significantly induced in GCs from ppGalNAcT-1-deficient mice. Activated caspase-3 and DNA fragmentation detected by TUNEL were greatly elevated and often colocalized with CD68 ϩ macrophages (Fig. 9A  to C) . The GC has a polar two-compartment structure, including a dark zone (centroblasts) and a light zone (centrocytes). The dark zone is proximal to the T-cell area and contains rapidly dividing Ig Ϫ B cells called centroblasts, while the light zone contains Ig ϩ centrocytes, which undergo selection based on the affinity of their Ig receptor for the antigen. Following immunization, centroblasts and centrocytes were measured as previously described (64) . An alteration in the frequency of viable centroblasts and centrocytes was observed, reflecting a significant reduction in centrocyte number (Fig. 9D) . This was accompanied by significant increases in activated caspase-3 abundance among centrocytes, and especially centroblasts, during ppGalNAcT-1 deficiency (Fig. 9E) .
IgG abundance was significantly reduced among GCs in ppGalNAcT-1-deficient tissues, in the context of increased apoptosis among IgG-positive cells (Fig. 10A) . Moreover, reduced numbers of IgG ϩ B lymphocytes were observed in the spleens of immunized ppGalNAcT-1-deficient mice (Fig. 10B) . In addition, the frequency and number of plasma B cells were also markedly reduced (Fig. 10C) . These findings establish an essential role of ppGalNAcT-1 in promoting plasma B-cell abundance and IgG formation by moderating the apoptosis of centrocytes bearing IgGs among GC B cells. 
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DISCUSSION
A significant proportion of nascent vertebrate proteins transiting the secretory pathway are O glycosylated by the action of one or more members of a conserved family of ppGalNAcTs. Different genes encode the various ppGalNAcTs among all multicellular organisms surveyed, and thus it appears likely that important and often nonoverlapping physiologic activities will be attributed to individual members of this glycosyltransferase family (34) . The production and study of intact organisms that lack individual ppGalNAcTs, including nematodes, insects, rodents, and primates, reveal remarkable cell type specificity in the phenotypes and pathologies arising from these deficiencies. Although ppGalNAcT-1 was the first member of the ppGalNAcT family to be identified and characterized because it is highly expressed among many cell types, the biological roles of this glycosyltransferase in mammalian development and physiology have remained unknown. By engineering an inheritable germ line mutation in the mouse gene that disables ppGalNAcT-1 function, we have established a ppGal NAcT-1 deficiency state for initial and future investigations into the biology of core-type protein O glycosylation contributed by this highly conserved glycosyltransferase. Our analyses thus far have shown that ppGalNAcT-1 markedly supports the activities of glycoproteins that contribute to blood coagulation, selectin-mediated leukocyte trafficking and inflammation, and GC B-cell apoptosis in modulation of the humoral immune response. Although decreased B-cell trafficking to lymph nodes and increased apoptosis do not appear to be connected mechanistically, they are likely collaborative in the observed reduction of humoral immunity. The focus of ppGalNAcT-1 func- tion upon selected cell types and glycoproteins enables further studies on the precise mechanisms by which the initiation of protein O glycosylation by ppGalNAcT-1 plays an advantageous role in vascular and immune responses. Although advantageous roles of ppGalNAcT-1 in physiology are evident, they appear to be dispensable for normal development and reproduction among laboratory-raised animals (32, 37). Moreover, inhibition of ppGalNAcT-1 activity may have therapeutic potential for some pathogenic syndromes involving increased thrombosis, chronic inflammation, and immunologic diseases of B lymphocytes.
In modulating blood coagulation levels, mild to moderate decreases in circulating levels of factors V, VII, VIII, IX, X, and XII, resulting in a prolonged APTT and bleeding time, were evident in ppGalNAcT-1 deficiency. The reduced level of factor VIII in the presence of an elevated level of VWF was a surprising result, since elevated levels of VWF tend to raise factor VIII levels. We found that VWF produced by ppGal NAcT-1-deficient mice has a normal capacity to bind factor VIII but has a slightly reduced (by 10%) capacity to bind collagen (data not shown). Typically, elevated VWF levels are not associated with increased bleeding times. Thus, it is likely that the reductions in multiple coagulation factors, namely, factors V, VII, VIII, IX, and X, contribute to the hemostatic defects seen in the null mice. Since O glycosylation is not linked at present to cellular mechanisms that control protein synthesis and maturation in the secretory pathway, it is possible that ppGalNAcT-1 modulates binding activities, postsecretion proteolysis, and turnover among various O glycoproteins in circulation. Platelet homeostasis, in contrast, appeared to be unaffected by ppGalNAcT-1 deficiency. Besides the presence of normal platelet counts in circulation, no difference in aggregation or activation occurred in response to various stimuli, including arachidonic acid, collagen, ADP, thromboxane analog, and calcium ionophore (data not shown). Nevertheless, the prolonged bleeding time may reflect both altered coagulation factor levels and a reduced level of P-selectin ligand formation, which may diminish platelet function in hemostasis. ppGalNAcT-1 further contributes to selectin ligand synthesis, supporting the formation of a significant proportion of ligands for E-and P-selectins on Gr-1 ϩ neutrophils in circulation as well as L-selectin ligands produced among lymph node HEVs. In comparison to the case for mice lacking core 2 GlcNAcT-1 (11), there remained slightly higher levels of both E-and P-selectin ligands on neutrophils lacking ppGal NAcT-1. This may explain the absence of neutrophilia in ppGalNAcT-1-deficient mice, which exists among animals lacking core 2 GlcNAcT-1. This implies that core 2 GlcNAcT-1-dependent E-and P-selectin ligand synthesis can occur at sites of protein O glycosylation initiated by other ppGalNAcT isozymes expressed in neutrophils. Nevertheless, the loss of ppGalNAcT-1 has a surprisingly severe impact on neutrophil recruitment in an acute peritonitis model of endothelial inflammation, with a degree of reduction in neutrophil influx comparable to that seen in animals lacking a larger apparent proportion of selectin ligands in the absence of either core 2 GlcNAcT-1 or fucosyltransferase (FT) VII.
The absence of ppGalNAcT-1 impairs T-and especially B-lymphocyte homing among peripheral lymphoid aggregates, including axial, cervical, mesenteric, and inguinal lymph nodes, resulting in a reduced number of lymphocytes among peripheral lymph node tissues. These findings were proportional to the degree of L-selectin ligand deficiency in vivo among the HEVs of various peripheral lymphoid aggregates. L-selectin ligand synthesis is controlled by the actions of glycosyltransferases and sulfotransferases, which construct 6-sulfo-sialyl Lewis X (sLe X ) on glycan branches of several HEV-resident sLe X counterreceptors, including GlyCAM-1, CD34, podocalyxin, Sgp200, endoglycan, and MAdCAM-1 (14, 43) . Collaborative and differential roles for each class of enzyme have been observed in selectin ligand formation, involving lymphocyte homing and retention among peripheral lymph nodes (15, 21, 23) . Glycoproteins bearing L-selectin ligands are typically O glycosylated and have mucin-like domains for multiple OGalNAc linkages that act as the initial scaffolds. L-selectin ligands can be constructed on core 1-and core 2-type O-glycan branches, the former of which also harbor the MECA-79 antigen and are prominent in the absence of core 2 GlcNAcT-1 (65). Interestingly, normal levels of MECA-79 expression were detected among mesenteric lymph nodes of ppGalNAcT-1-deficient mice in the presence of a moderate reduction in L-selectin ligands, implying that mesenteric L-selectin ligands generated by ppGalNAcT-1 may lack the MECA-79 determinant. While glycosyltransferases other than ppGalNAcT-1 contribute to L-selectin ligand formation, L-selectin ligands produced within the inguinal lymph node are particularly dependent upon ppGalNAcT-1. The diminished level of Lselectin ligands is likely involved in the reduction of lymphocyte homing and abundance among various lymphoid aggregates during ppGalNAcT-1 deficiency. Selective differences in the homing abilities of T and B cells have been described, independent of their site of origin, among the spleen, peripheral lymph nodes, mesenteric lymph nodes, and Peyer's patches (50) . L-selectin expression levels appear to be a key contributor to this effect, as T lymphocytes express a twofold higher level of L-selectin than do B lymphocytes and are more efficient at homing to peripheral lymph nodes (50, 52) . The absence of L-selectin expression on lymphocytes markedly reduces both T-and B-lymphocyte homing and localization among peripheral lymph nodes, as expected, but does not significantly alter lymphocyte numbers in circulation or among mesenteric lymph nodes, the spleen, or thymus tissue (2) . Other distinctions are apparent. Splenomegaly is observed in L-selectin deficiency, but not among ppGalNAcT-1-deficient mice. The lesser defect in cellularity observed among mesenteric lymph nodes in ppGalNAcT-1 deficiency may re- GlcNAcT, FT IV, and FT VII. Their individual and combined contributions modulate selectin ligand synthesis differentially among various cell types in vivo, often markedly reducing lymphocyte homing activity to lymph nodes (11, 13, 15, 25, 33, 36) . The absence of both FT IV and FT VII results in a profound loss of lymphocyte numbers within peripheral lymph nodes, and animals lacking these factors have impaired T-cell-mediated immune responses (25, 39) . Among core 2 GlcNAcT-1-deficient mice, a lesser reduction in B-cell (28%) than in T-cell numbers was reported for peripheral lymph nodes (15) . The loss of ppGalNAcT-1 by itself has a remarkably severe impact on both leukocyte homing to HEVs and homeostatic peripheral lymph node cellularity, unlike other single glycosyltransferase deficiency states analyzed thus far. This may be explained in part by the more proximal position of ppGalNAcT-1 action in the pathway of core-type O glycosylation required for selectin ligand synthesis. While the formation of selectin ligands may continue in part among N-glycans (36), or perhaps via O glycosylation by other ppGalNAcT isozymes, core 1 and core 2 O-glycan branching cannot compensate in the absence of the ppGalNAcT-1-dependent linkage of GalNAc to serine or threonine.
The essential role of L-selectin ligands in lymphoid homing and lymph node homeostasis contrasts with findings regarding B-cell immune function. Selectin ligand expression does not correlate with Ig levels in circulation, nor does L-selectin deficiency dampen humoral immunity in assays of antigen-specific antibody production upon immunization. Humoral immune responses are, in fact, increased in the absence of L-selectin (49) . These findings nevertheless imply that L-selectin likely has additional physiologic roles distinct from the effects of binding to its sLe X glycan ligand. Our findings among ppGalNAcT-1-deficient mice revealed a significant humoral immune deficit that appeared to be independent of B-cell immune responses and altered leukocyte homing due to reduced L-selectin ligand levels. No alterations in B-cell immune responsiveness to LPS or IgM antigen receptor stimulation were observed in ppGalNAcT-1 deficiency, along with continued GC B-cell proliferation, and GC B-cell apoptosis was significantly increased. Moreover, B-cell trafficking and abundance in the spleen were normal, while reduced GCs associated with apoptotic B cells were nevertheless also observed in this tissue.
The abundance of circulating IgG was significantly reduced among ppGalNAcT-1-deficient mice, both prior to and subsequent to immunization with either T-cell-independent or Tcell-dependent antigens. This deficit did not extend to IgM or IgA, which were present at normal abundances. Centroblast and centrocyte apoptosis was elevated, with significantly decreased centrocyte numbers in ppGalNAcT-1-deficient GCs and a significant reduction of IgG expression and plasma B-cell abundance. Some IgG production continued and a reduced number of plasma cells remained, implicating a robust modulatory effect of ppGalNAcT-1 on this regulatory and differentiation process in the B-cell-mediated humoral immune response. ppGalNAcT-1 normally diminishes apoptotic signaling in GCs during the development of IgG-secreting plasma B cells. Yet levels of Fas at the B-cell surface were normal in ppGalNAcT-1 deficiency, and no alterations in the expression of other cell surface glycoproteins were as yet detected (data The initiation of protein O glycosylation in vivo by ppGal NAcT-1 translates into vital roles in vascular biology, hemostasis, and humoral immunity. Core-type protein O glycosylation is generally known to support mucin structure and function on endothelial cell surfaces, protecting cells against stress and pathogen infection (3, 51) . Furthermore, it was recently shown that a loss of core 3 O-glycans in mice increases their susceptibility to colitis and colorectal tumors (1). Core-type O glycosylation is often produced following a stepwise and hierarchical pattern of peptide modification by multiple ppGal NAcT isozymes in generating a high-density array of O-glycans that assist in tissue hydration and can compete to block receptors carried by mucosal pathogens. Such physiologic roles, which have yet to be probed, may indeed be modulated by ppGalNAcT-1 and perhaps other ppGalNAcTs that normally act subsequently but fail to O glycosylate otherwise native glycopeptide sequences. Although ppGalNAcT-1 deficiency is likely compensated for to some degree in the intact mouse by other ppGalNAcT family members, the endogenous physiologic functions that we can now assign to ppGalNAcT-1 in blood coagulation, leukocyte trafficking, and humoral immunity are clearly dependent upon the substrate specificity and expression of this glycosyltransferase. The biologic activities of protein O glycosylation and the mechanisms by which this abundant posttranslational modification regulates cellular biology can be further resolved by experimental approaches that incorporate genetic, biochemical, and physiologic analyses of intact organisms.
